Immunotherapies that employ immune checkpoint modulators (ICMs) have emerged as an effective treatment for a variety of solid cancers, as well as a paradigm shift in the treatment of cancers. Despite this breakthrough, the median survival time of glioblastoma patients has remained at about 2 years. Therefore, the safety and anti-cancer efficacy of combination therapies that include ICMs are being actively investigated. Because of the distinct mechanisms of ICMs, which restore the immune system's anti-tumor capacity, unconventional immune-related phenomena are increasingly being reported in terms of tumor response and progression, as well as adverse events. Indeed, immunotherapy response assessments for neuro-oncology (iRANO) play a central role in guiding cancer patient management and define a "wait and see strategy" for patients treated with ICMs in monotherapy with progressive disease on MRI. This article deciphers emerging research trends to ameliorate four challenges unaddressed by the iRANO criteria: (1) patient selection, (2) identification of immune-related phenomena other than pseudoprogression (i.e., hyperprogression, the abscopal effect, immune-related adverse events), (3) response assessment in combination therapies including ICM, and (4) alternatives to MRI. To this end, our article provides a structured approach for standardized selection and reporting of imaging modalities to enable the use of precision medicine by deciphering the characteristics of the tumor and its immune environment. Emerging preclinical or clinical innovations are also discussed as future directions such as immune-specific targeting and implementation of artificial intelligence algorithms.
Background
Despite advances in treatment strategies, the prognosis for glioblastoma patients remains poor, with a median survival of around 2 years. The poor prognosis of glioblastoma patients can be attributed to their resistance to current therapeutic approaches [1] . Hence potential synergistic associations are investigated by combining existing treatments to target two hallmarks of glioblastoma: intratumoral heterogeneity and immunosuppressive microenvironments. Early response assessments are therefore crucial considering the poor prognosis but the state-of-the-art is complex as several combination therapies are being actively investigated.
Thousands of patients with glioblastoma recruited into international clinical trials (Table 1 , 3604 pts) are currently being treated with immune checkpoint modulators (ICMs). ICMs restore the immune system's capacity to eradicate tumors by inhibiting the immune suppressive capabilities of pathways such as CTLA-4, PD-1, and PD-L1 [2] . ICMs have advanced to the forefront of treatment of solid tumors but without leading to an impact on outcome in patients with glioblastoma in comparison with other tumors such as melanoma. Hence, they are currently used only in combination with other molecules such as chemotherapy, targeted molecular agents, vaccines, or radiotherapy.
Response evaluation is intrinsically challenging in glioblastoma patients. Experts from the RANO working group have defined a compelling solution to solve (in part) imaging challenges related to chemoradiation with temozolomide (pseudoprogression) and antiangiogenic therapy (pseudoresponse): the response assessment for neuro-oncology (RANO) criteria. However, evaluating the efficacy of ICMs is a paradigm shift because ICMs trigger new imaging patterns of tumor response and progression. Experts defined a MRI-guided strategy in patients treated with ICMs in monotherapy referred to as Immunotherapy Table 1 Prospective studies currently recruiting for Anti-PD1 treatment in Glioblastoma Note: Details on clinical trials were obtained on ClinicalTrials.gov website (https://clinicaltrials.gov/ct2/home). Last upadate, December 1, 2018. IDO-1 cytosolic enzyme indoleamine 2,3-dioxygenase-1, TTF Tumor treating Fields, TIL tumor infiltrating lymphocytes, GITR Glucocorticoid induced TNF receptor, ND not discolsed, DCE: dynamic contrast-enhanced RANO (iRANO) criteria [3] . In progressive patients, a "wait and see strategy" is recommended and progression needs to be confirmed by active follow-up. However, a recent survey of 220 centers in Europe demonstrated that only a minority of centers (27%) use RANO criteria, while the majority prefers to undertake qualitative assessments. This lack of quantitative assessments demonstrates the need for standardized evaluations and the development of quantitative algorithms for robust response assessments [4] . This review will discuss which imaging studies are used in ongoing clinical trials (Table 1 ) and what nuclear medicine specialists and radiologists should be looking for and reporting when interpreting the efficacy of ICM in monotherapy and in combination therapy. Different approaches will be described. First, standard of care imaging techniques provide non-immune-specific imaging biomarkers, which are currently widely used in routine clinical work-ups. Second, breakthroughs in biomedical engineering allow targeting immune-specific biomarkers explored in preclinical studies. Third, artificial intelligence can be trained to identify radiomics signatures by data mining standard of care MRIs. Fourth, synthetic metrics such as supervoxel [5] could capitalize on and combine these three approaches, thereby redefining medical imaging as a comprehensive and quantitative decision tool. (Fig. 1 , Tables 2 and 3) .
This report aims to provide a structured approach for standardized selection of imaging modalities to enable a precision medicine approach by deciphering the characteristics of the tumor and its immune environment. Furthermore, this review addresses challenges faced by radiologists evaluating patients treated with ICMs: the evaluation of ICMs in combination therapies, new patterns of response (i.e., pseudoprogression, hyperprogression and abscopal effect), the accuracy of alternative imaging metrics to differentiate tumor progression from delayed responses or from therapy-induced inflammation.
Rationale for ICM in combination therapy
The current standard of care for glioblastoma treatment involves surgical resection followed by a 6-week course of radiation therapy with 60 Gy delivered in 30 fractions [7] . The oral alkylating agent Temozolomide (TMZ) is used as concomitant and adjuvant chemotherapy at a dose of 75 mg/m 2 daily, throughout the radiation therapy [8] . In cases of disease recurrence after this protocol, the treatment may involve a new surgery, new radiation therapy or the use of bevacizumab (antibody targeting VEGF) [9] .
The frequency and severity of glioblastoma explain how critical the optimization of treatment strategies is [10] . Glioblastoma is indeed the most common primary malignant brain tumor in adults and the median survival with current treatment strategies is 15 months [11] . An even poorer prognosis is observed with male patients [12] older than 50 years [13] with neurological or general symptoms [14] .
There is a strong rationale for the use of ICM. Glioblastoma cells [15, 16] escape immune surveillance by creating an immune-suppressive environment [17] , which is further promoted by central nervous system immune isolation, blood-brain barrier protection [18] , the low activity of the major histocompatibility complex, and the low quantity of antigen presenting cells. ICMs aim to restore tumor elimination (Fig. 1) through the activation of anergic T lymphocytes. Immune cells are indeed able to migrate across the blood-brain barrier to reach cervical lymph nodes and present tumor antigens.
The limited efficacy of the standard of care therapies, as well as ICMs in monotherapy [19] (Table 1) , have led to exploration of synergistic therapeutic combinations (Table 1) involving ICMs, radiotherapy, and systemic therapy. The rationale for radiotherapy is that it improves the response of tumors to ICMs by modulating the expression of molecules on the surface of tumor cells (e.g., major histocompatibility complex-1, calreticulin, PD-L1 [20] ), increasing the secretion of pro-inflammatory cytokines (e.g., interferon gamma) and enhancing the recruitment of immune cells (e.g., it releases tumor antigens into the circulation, decreases the tumor interstitial fluid pressure [21] , and activates CD8 T-Cells [22] ). Alternatively, combinations with systemic therapy are also being actively investigated. This is exemplified by antiangiogenic drugs such as bevacizumab, which modulates immune response, the number of active T-cells, and the maturation of dendritic cells [23] [24] [25] .
Immune-related patterns of response and progression
Because of the distinct mechanisms of ICMs that restore the immune system's anti-tumor capacity, unconventional immune-related phenomena are encountered in terms of tumor response and progression, and adverse events.
Pseudoprogression defines a transitory progression in tumor size or metabolism and can mislead the evaluation of cancer treatment efficacy. The pseudoprogression can be due to either delayed therapeutic efficacy or immune cell infiltration. These phenomena constrain clinicians to a wait and see strategy in case of appearance of growing disease, since tumor growth or new lesions do not preclude clinical benefit, treatment efficacy, and long-term survival. High rates of disease pseudoprogression are expected in glioblastoma patients treated with ICM in combination with standard-of-care therapies (e.g., radiotherapy), since pseudoprogression already occurs in up to 30% of glioblastomas treated with standard-of-care therapies and up to 10% [26, 27] of solid tumors treated with ICMs. Several lessons can be learned from classical treatments [28] . First, the only validated diagnostic criterion of a pseudoprogression is the stability or improvement over time. This strategy is problematic in glioblastoma patients given their short life expectancy [3] . Second, MRI changes observed in pseudoprogression are not specific (the increase in contrast enhancement and signal abnormalities on T1, T2, and Flair sequences). Third, in the majority of cases, pseudoprogression occurs within the first 12 weeks after completion of chemoradiation [29] . Consequently, alternative imaging criteria are needed (Fig. 1) .
Hyperprogression defines an acceleration of tumor growth after the initiation of ICM therapy, as compared to the period before treatment initiation used as a reference. Hyperprogression was reported in 9-29% of patients with solid tumors and was associated with a shorter overall survival [30] (Fig. 2 ). An idiosyncratic effect of ICMs is suspected [31] .
The abscopal effect defines the occurrence of an objective response outside of the radiation field [32] when radiation therapy is combined with ICM. The abscopal effect is triggered by several factors such as (1) the modulation of the expression of molecules on the Fig. 1 Imaging of actionable molecular pathways in patients with glioblastoma: the concept of supervoxels. Imaging allows non-invasive evaluation of the action of immune checkpoint modulators in patients with glioblastoma. Currently, most clinicians perform a visual and qualitative assessment. Alternatively, artificial intelligence can be trained to extract imaging biomarkers by measuring the signal in each unique voxel of a region of interest provided by each imaging technique. Ultimately, artificial intelligence can resume the information provided by multiple voxels from multiple imaging modality to provide one single quantitative probability map using supervoxels (synthetic summary of all voxels from the same volume of interest using different imaging modalities)
surface of tumor cells [20] , (2) increased expression of pro-inflammatory cytokines, and (3) enhancement of the recruitment of immune cells [21] . The role of abscopal effects related to ICMs in glioblastoma patients/in the CNS needs to be investigated.
Pseudoresponses define a transitory radiographic response due to an action on blood vessel permeability rather than an anti-tumor effect. Pseudoresponses occur in antiangiogenic therapies and not in treatment with ICMs in monotherapy [3, 33] . In antiangiogenic therapies, the RANO criteria require a radiographic response to persist for more than 4 weeks: a rapid radiographic response can be observed in up to 60% of patients and is not related to increased survival.
Immune related adverse events (iRAE) can occur theoretically at any site and at any time in patients treated with ICMs. In patients with glioblastoma, the radiologists should be aware that systemic ICM therapies are expected to trigger iRAE most frequently at specific sites such as lung, mediastinum lymph nodes (sarcoidosis-like), colon (enterocolitis), glands (hypophysitis, thyroiditis), liver (hepatitis), pancreas (pancreatitis), and joints (arthralgia). Life-threatening iRAE should be suspected in case of occurrence of pneumonitis and colitis. Medical imaging detects 74% of irAE in patients treated with anti-PD1 and guides patients and their health care providers towards specific management [34] .
Current guidelines
There is a crucial need for defining the optimal imagingguided strategy in glioblastoma patients treated with ICMs, both in monotherapy and combination therapy. [6] . MRS magnetic resonance spectroscopy, Chomax maximum concentration of choline-containing compounds, Chomean mean concentration of cholinecontaining compounds, Cr creatinine, mI myoinositol, NAA N-acetyl-aspartate, BBB blood-brain barrier, CBV cerebral blood volume, CBF cerebral blood flow, rCBV related CBV, FLAIR fluid-attenuated inversion recovery, ADC apparent diffusion coefficient, FA fractional anisotropy. BOLD blood oxygenation level dependent, fMRI functional magnetic resonance imaging, TE EchoTime (ms), ↓ decrease, ↑ increase
The only existing guideline was proposed by the RANO working group (iRANO criteria) and concerns response assessment using contrast-enhanced MRI in patients treated with ICMs in monotherapy (Fig. 3 ) [3] . On MRI, iRANO criteria recommend a "wait and see" strategy in patients with a radiological progression within 6 months after initiating ICMs in monotherapy [3] due to the pseudoprogression phenomenon. A radiological progression is defined by a worsening of clinical status (i.e., neurological symptoms and consumption of corticoids), an increase in the size of contrast enhancement of target lesions, or an apparition of new lesions. Strikingly, the management of combination therapies and hyperprogression was not discussed by the RANO working group.
While MRI is the current standard of care for staging and response assessment, guidelines [35] increasingly recommend, in addition, the use of amino acid positron emission tomography (PET) to detect viable tumor tissue, tumor delineation (estimation of true tumor extension in low-and high-grade gliomas), selection of the best biopsy site (stereotactic biopsy guiding), non-invasive tumor grading (combination of dynamic 18F-FET-PET and diffusion MRI), therapy planning (defining the true tumor volume to be treated), treatment monitoring (response assessment to locoregional chemo-and radiotherapy), and early detection of residual tumor after surgery. However, the role of amino acid PET in ICM response assessment remains unaddressed.
Limitations of conventional non-immune-specific MRI biomarkers
In patients with glioblastoma, diagnosis and response assessment rely on various imaging techniques not designed for ICM monitoring (Table 2) which are, therefore "non-immune-specific." MRI sequences include post contrast T1-and T2-weighted images, 
Identification of radiation resistant areas Primarily experimental application Cellular density: diffusion-weighted imaging MRI measures cellular density through the apparent diffusion coefficients (ADCs) on diffusion-weighted images (DWIs), measuring itself the random diffusion of water molecules (Brownian motion) in biological tissues [36] . The paradigm in cytotoxic treatment is that a decrease in ADC reflects degradation of cellular integrity by necrosis or edema [37, 38] and predicts treatment efficacy [39] . In patients treated with ICM, the interpretation of ADC is not straightforward. Indeed an increase in the volume of tissue with intermediate ADC predicts efficacy [40] while an inflammatory cell swelling and macrophage recruitment can decrease ADC [40] . Imaging biomarkers derived from ADC were also leveraged to guide dendritic cell immunotherapy (minimum ADC [41] and percentage of voxels with decreasing ADC [42] ). Therefore, the role of ADC in predicting response to ICM combined with angiogenesis inhibitors remains to be elucidated considering that each one of this two treatments in monotherapy have an opposite effect on ADC [39, 43] . Fractional anisotropy is used in clinical research to estimate tissue viability and brain fiber integrity [44] . Interestingly, changes in fractional anisotropy appraise treatment efficacy and can occur as soon as 1 day after the initiation of cytotoxic chemotherapies [38] . Although FA has not been investigated in ICMs, a recent study on brain metastases has shown that FA reflects immune microenvironment activity. This could be leveraged in patients treated with ICM since higher T-cell infiltration co-localizes with white matter disruption and a decrease in anisotropic diffusion [45] . A current drawback is that there are significant inter-observer and inter-structure variations in fractional anisotropy [46] .
Infiltration of cytotoxic T cells
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Membrane proliferation
Magnetic resonance spectroscopic imaging (MRSI) can estimate the concentration of a subset of specific brain metabolites such as choline and creatinine. This technology is used to diagnose tumor tissue which is characterized by a high concentration of choline metabolites and low creatinine metabolites [37] .
Creatinine reflects cellular integrity and is usually used to balance the lack of specificity of evaluating choline concentration alone. The inherent limitation of MRSI for the assessment of ICM is that membrane proliferation is a nonspecific process observed in neoplastic and inflammatory diseases. Nevertheless, a pivotal report demonstrated that choline imaging was more representative of the tumor volume than gadolinium enhancement in glioblastoma treated by intralesional immunotherapy [47] . There is therefore a rationale suggesting that a lesion with gadolinium enhancement without increased membrane proliferation suggests a "flare phenomenon" which usually resolves within 3 months [48] . Clinical value in systemic ICMs has to be evaluated.
Angiogenesis and perfusion
Glioblastoma is among the most vascularized solid tumors. A wide range of advanced MRI sequences allows a comprehensive analysis of tumor angiogenesis: gadolinium contrast enhancement [49] , perfusion-weighted imaging [36] , dynamic contrast-enhanced magnetic resonance imaging (dynamic T1-weighted approach), arterial spin-labeling, or T2-weighted rapid echo-planar sequence (DSC-MRI). Arterial spin labeling (ASL) is a promising perfusion parameter using arterial blood proton signals after magnetic labeling when gadolinium is not usable [50, 51] . Preliminary results suggested that this technology could be used in the future to optimize the management of the combination of antiangiogenic therapies, and ICMs which are currently investigated in most clinical trials (Table 1) . Typically, effective antiangiogenic therapies induce a steroid-like effect, normalize blood-brain barrier permeability, and so decrease MR enhancement [52] [53] [54] . These parameters can also be used to differentiate immune system-induced inflammation such as pseudoprogression (low cerebral blood volume) from true tumor growth (high cerebral blood volume) in glioblastoma patients treated with radiation therapy [55] or ICM [41] . Immunotherapeutics can also lead to an early increase in contrast enhancement, due to the inflammatory response [40] . In this case, pseudoprogression can be suggested if the neo-angiogenesis is absent on the perfusion sequences or the contrast enhancement is far from the initial lesion and within the radiotherapy field.
Hypoxia
The extremely poor prognosis of glioblastoma is mostly attributed to the high percentage of hypoxic niches in the tumor microenvironment. Functional MRI (blood ixygenation level-dependent or BOLD MRI, 19 F-MRI, electron paramagnetic resonance) [56] is used to detect hypoxia in clinical research. A decrease in the fMRI activation volumes on BOLD fMRI adjacent to a glioblastoma was observed in aberrant neo-angiogenesis, with the resultant de-coupling of blood flow from neuronal activity [57] . Recent results suggest that functional MRI could play a significant role in the monitoring of antiangiogenic therapies [58] or ICMs [59] . Additionally, clinical trials using local T cell immunotherapy (autologous primary human CD8 + cytolytic T lymphocytes) have demonstrated that MRI sequences can be used to detect a T-cell mediated necrosis. This pattern should be studied in depth in patients treated with systemic immunotherapy.
MRI biomarkers under investigation
Techniques investigated in ongoing ICM trials Alternative contrast agents
Ferumoxytol is an ultrasmall superparamagnetic iron oxide used as an alternative contrast agent in patients with impaired renal function and is currently being investigated in ICMs (Table 1) . It has as a unique feature, a prolonged intravascular residence time of more than 12 h because of its size and carbohydrate coating. The use of cerebral blood volume (CBV) mapping with ferumoxytol may help determine therapeutic efficacy in a variety of brain tumors by differentiating highly vascular malignant tumor tissue from treatment-related neuro-inflammation, which correlates with survival [60] [61] [62] .
Magnetic resonance fingerprinting
MRI acquisitions are often restricted to a qualitative or "weighted" measurement and are almost never quantitative. The same tissue can have different intensities in different data sets depending on several cofounding variables (e.g., type of scanner, type of detectors). Magnetic resonance fingerprinting (MRF) takes a different approach to data acquisition, postprocessing, and visualization, by using a pseudorandomized acquisition generating a unique signal evolution or "fingerprint" simultaneously representing all investigated tissue properties [63] . MRF could thus provide highly specific and quantitative images and is currently being investigated (Table 1 ) [64] .
Artificial intelligence-derived MRI biomarkers
There is a strong rationale suggesting that artificial intelligence (AI) could be used to optimize the management of patients with glioblastoma [65] (Table 4) . First, radiologists' visual assessment does not use all information available in medical images. Second, treatment monitoring and strategies are increasingly complex. Radiomics is a fast-evolving field in medical imaging consisting in the extraction of high-throughput quantitative imaging features that characterize the inner organization of a tumor. The core assumption is that medical images contain quantitative information that could be used to optimize patient's treatments. Thus, the computer can associate specific imaging traits to tumor characteristics, prognosis, optimal treatment, or tumor response (Table 4) . AI can even combine information from different imaging techniques to provide unique synthetic information analyzable by the clinician: one single quantitative probability map of "supervoxels" (Fig. 1 and 4) . Theoretically, AI could be trained to identify patterns associated with responses to ICM in monotherapy or in combination. However, there are limitations to AI approaches. The -Comparative marker selection, ingenuity pathway analysis.
-Imaging traits associated with upregulation of mRNA involved in cellular migration/ invasion (PERIOSTIN),which was seen to correlate with decreased survival.
2014, Rahman
ADC-/+ T2/FLAIR T, 91 pts -6 variables extracted from histograms of apparent diffusion coefficient were measured at three times (baseline, posttreatment and change).
-Cox proportional hazards model adjusted for clinical variables.
-ADC histogram analysis within both enhancing and nonenhancing components of tumor can be used to stratify for PFS and OS in patients with recurrent glioblastoma treated with Bevacizumab.
2014, Jamshidi
T1, T1+ T2 Flas T, 23 pts -(1) infiltrative versus edematous T2 abnormality, (2) degree of contrast enhancement, (3) necrosis, (4) supraventricular zone (SVZ) involvement, (5) mass effect, and (6) contrast-to-necrosis ratio.
-Resampling statistics, analysis of variance, Pearson correlation coefficient.
-Gene-to-trait associations were found such as contrast-to-necrosis ratio with KLK3 and RUNX3, SVZ involvement with the Ras oncogene family and the metabolic enzyme TYMS, and vasogenic edema with the oncogene FOXP1 and PIK3IP1.
2015, Lee
T1+Flair T, 65 pts -36 spatial habitat diversity (regions with distinctly different intensity characteristics) features based on pixel abundances w/in ROIs.
-Overall coefficient of variation, symbolic regression method. calculated from the volumes of three distinct regions: edema/invasion, tumor enhancement (tumor), and necrosis.
-Isometric feature mapping, locally linear embedding, Laplacian eigenmaps, linear discriminant analysis, factor analysis, principal components analysis, stochastic proximity embedding, random forest, k-nearest neighbors, Gaussian naive Bayes, and the J48 tree.
-The status of MGMT promoter methylation was predicted with an accuracy of up to 73.6%.
-Experimental analysis showed that the edema/ necrosis volume ratio, tumor/necrosis volume ratio, edema volume, and tumor location and enhancement characteristics were the most significant variables in respect to the status of MGMT promoter methylation in glioblastoma. T1+  T2  FLAIR   T,  59 pts -4 visual qualitative texture features (cysts, ring/nodular enhancement, margins, homogeneity), volume, 11 regions/sectors features and space-frequency texture analysis based on the S-transform.
2010, Drabycz
-Two-way repeated-measures analysis of variance (ANOVA) tests.
-Ring enhancement assessed visually is significantly associated with unmethylated MGMT promoter status.
-Texture features on T2 images assessed by the spacefrequency analysis were significantly different between methylated and unmethylated cases.
Flas fast low-angle shot, OS overall survival, PFS progression free survival, MGMT O6-methylguanine-DNA-methyltransferase,
major drawback is that building a reliable predictive model with AI requires a large amount of well-annotated clinical and imaging data to avoid overfitting. In the field of glioblastoma imaging, we can assume that the use of AI will therefore be first restricted to the use of MRI in standard of care therapies. Machine-learning algorithms and AI signatures were trained to predict overall survival in patients with solid tumors treated with ICM based on pretreatment-imaging biomarkers. These biomarkers, predictors of poorer outcomes, can be macroscopic such as the presence of a higher tumor burden and sarcopenia [66] or microscopic such as an AI-signature estimating CD8 cell counts and predicting clinical outcomes of patients treated with immunotherapy [67] . One of the most promising fields is the evaluation of intrinsic glioblastoma heterogeneity, which is due to the coexistence of distinct sub-clones and also regional intrinsic plasticity shaped by tumor microenvironment [68] . In addition, it exists also an important inter-tumor heterogeneity with variable expression levels of surface biomarkers [69] . These phenotypic heterogeneities explain treatment resistances developed by glioblastoma. AI can be trained to decipher spatial and temporal glioblastoma heterogeneity which is a major driver of the poor prognosis of glioblastoma patients [70] . On a larger perspective, tumor heterogeneity evolution in space and time under immune selection is the major obstacle to personalizedmedicine and biomarker development [71] .
The use of AI in glioblastoma patients is primarily in the field of diagnosis and treatment plan. The vast majority of current studies (Table 4 ) used standard of care MRI sequences and combined several features extracted from both unenhanced and enhanced sequences [72] . The typical radiomics pipeline involved the delineation of the tumor on medical images, then the calculation of imaging features in this volume of interest (i.e., using mathematical formulas defined a priori or identified directly by the computer using deep-learning) and finally the creation of prognostic or predictive models using these features. AI identified several signatures associated with methylation [72, 73] , age-related patterns [74] and prognosis factors [75, 76] .
Few studies explored AI to guide treatment monitoring and follow-up: AI identified patterns associated with treatment response [77, 78] such as enhancement patterns in antiangiogenic therapies [77] . Since the majority (83%) of centers prefer to undertake qualitative assessments of response rather than using RANO criteria [4] , AI could be used to standardize evaluations across institutions rather than relying on the interpretation of expert radiologists which is inherently subjective.
Limitations of conventional non-immune-specific PET biomarkers
PET imaging is the procedure of choice for image-based quantification of biological processes (Table 3) , as it provides at least three main advantages compared to MRI in this setting specifically: (1) its detection sensitivity is more than 10 3 times higher, (2) the direct proportionality between the PET numerical signal and biological tracers' concentration allows powerful image-based quantification, and (3) finally the possibility to combine any biological vector of interest to a radiomarker has virtually no limits. However, radiochemistry capabilities, availability, and cost of several radiotracers remain major limitations. Fig. 4 Multimodal image-guided management using artificial intelligence in glioblastoma. This case illustrates the potential interest of imaging biomarkers extracted using artificial intelligence. Imaging of a patient with glioblastoma. a Baseline T1 post-contrast MRI prior to therapy demonstrating an enhancing lesion. b Baseline 18F-Dopa PET showing an increased amino acid uptake outside of the enhancing lesion on MRI. c Analysis of the MRI by artificial intelligence demonstrating areas with high heterogeneity (red) and low heterogeneity in normal healthy brain tissue (blue). This map is a parametric map of local entropy computed using the baseline T1 post-contrast MRI. The only limit in the analysis of the local heterogeneity/entropy is that contours/edge/interface are always heterogeneous. d Fused image of the Baseline 18F-Dopa PET (b) and of the parametric map of local entropy (c)
Glucose metabolism
Increased glucose consumption is a hallmark of cancers [79] , but the critical role of glycolysis in the function of many immune cells has also resulted in 18 F-FDG PET being used to measure immune responses. Although increased 18 F-FDG PET uptake is observed in high-grade tumors [80] , poorer prognosis [81] , and anaplastic transformation [82] (Fig. 3) , the lack of specificity of glucose consumption [83] makes its applications uncertain for the assessment of gliobastoma response to ICM in monotherapy [84] . Moreover, recent researches have shown that FDG accumulates mostly in innate immune cells, and so 18 F-FDG PET seems to be more useful in evaluating the effects of therapies that target inflammatory mediators than in monitoring cell expansion [85] . However, high FDG-uptake could be used in combination therapies to predict radiation therapy failure [86] , antiangiogenic failure [87] , and poorer outcome, as well as tumor recurrence [82] .
Amino acid metabolism
The growth of proliferating glioblastoma cells relies on a large neutral amino acid transport system. These amino acids are used as the natural building blocks of proteins and to detect high-grade tumors. The most frequently used radiolabeled amino acid are F-FDOPA [91, 92] . The use of amino acids could provide a breakthrough in the evaluation of response to ICM therapies in monotherapy or combinations [93] . Indeed, amino acid uptake is independent of regional tumor perfusion and blood-brain barrier permeability, and the large neutral amino acid transport system is specifically overexpressed by tumor cells [89, 94] regardless of the breakup of the blood-brain barrier contrary to MRI and gadolinium-enhancement [95] . An early decrease in PET amino acid uptake outperformed MRI for early prediction of recurrence [88] , outcome [96] , and response to chemotherapy, bevacizumab, or VEGF inhibitor [97] . 18 F-FET PET detected pseudoprogression in glioblastoma treated with bevacizumab [98] , as well as in melanoma brain metastasis treated with ICMs [99] . The main limitation for response assessment in glioblastoma patients treated with ICMs is the lack of prospective data.
DNA synthesis
An increased cellular proliferation rate is a hallmark of malignancy and requires DNA synthesis. Nucleoside analogs such as 18 F-FLT (3′-( 18 F)-Fluoro-3′-deoxythymidine) [100] are phosphorylated and trapped in cells synthesizing DNA [101] . Consequently, 18 F-FLT uptake is associated with a high signal to noise ratio (i.e., low uptake in normal brain tissue), and strongly correlated to cellular proliferation (i.e., Ki-67) in brain tumors [102] . The main advantage is the possibility of dynamic evaluation of the kinetics of the radiotracer biodistribution. The limitations are that FLT uptake in brain tissue requires a disruption of the blood-brain barrier and is increased by inflammation [101] . Clinical value in ICMs has not been evaluated although there is a rationale suggesting that 18 F-FLT PET could be useful for response evaluation since it is a surrogate marker of angiogenesis and proliferation [52] . An early decrease in 18 F-FLT uptake [103] predicted prolonged survival in patients treated with bevacizumab plus Irinotecan.
Membrane proliferation
18 F-fluorocholine is a widely available PET tracer that is a small precursor molecule for the synthesis of membrane phospholipids.
18 F-fluorocholine PET can predict early response in glioblastoma treated with radiotherapy and temozolomide [104] . Clinical value in ICMs has not been evaluated. However, the limitation is that choline is increased in inflammatory processes (false positives) [105] , and its brain uptake is strongly affected by disturbances of the blood-brain barrier observed in high-grade gliomas [106] .
Angiogenesis and perfusion
H2
15 O PET remains the reference standard for cerebral blood flow evaluation [107] , however, its use is not possible without a cyclotron on site (half-life of 15 O = 2 min), making its use not possible in clinical practice. Novel PET tracers are in development such as integrins that are glycoproteins involved in cell-to-matrix relationships [108] , which can be evaluated by PET ( 18 F-AlF-NOTA-PRGD2 PET, 18 F FPPRGD2 PET). The literature about radiolabeled integrin is scarce. Integrins were used to diagnose glioblastoma and predicted early response to conventional treatment and bevacizumab failure [109] and therefore could be used to evaluate ICM in combination therapies.
Hypoxia
Hypoxia promotes an immunosuppressive environment, therapy resistance, and disease recurrence [10, 110] . Hypoxia can be detected using specific PET radiotracers such as 15 Oxygen, The main limitation is that the signal to noise ratio of PET radiotracers targeting hypoxia is low compared to normal brain tissue. Increased hypoxia measured by 18 F-MISO PET can be used in treatment planning since it predicted shorter survival and could be used in radiotherapy planning to boost treatment in hypoxic and potentially radio-resistant areas. 18 F-FMISO could play a significant role in the monitoring of bevacizumab therapy [58] , as well as in the monitoring of ICMs [59] since aberrant hypoxic neovascularity is associated with immunosuppressive environments.
Mitochondrial activity
The mitochondrial translocator protein (TSPO) is overexpressed in activated microglia [112] . TSPO have been mostly developed to investigate neuroinflammatory processes. The main limitations are that they are not yet available in daily practice and there are nonoptimal imaging properties since its uptake in glioblastoma lesions is more likely to be due to simple breakdown of the blood-brain barrier. TSPO was only evaluated in diagnostic settings and was never evaluated for response assessment. 18 F-GE-180 is a novel third generation TSPO receptor ligand with high binding affinity compared to existent radiotracers and with better diagnostic performances than MRI [113] .
Somatostatin receptors
Somatostatin receptor (SSTR) expression can be measured by scintigraphy or PET [114] . In the majority of glioblastomas, the expression of SSTR2 is negative (the most commonly expressed is SSTR5) [115] . Theoretically, the expression of SSTR2 by activated immune cells such as leukocytes and macrophages could be detected and used to characterize the inflammatory infiltrate in patients treated with ICM [116] . However, a limitation of this approach is that the disruption of the blood-brain barrier in high-grade gliomas may increase somatostatin receptor ligand uptake.
Immune-specific PET biomarkers under investigation
Rationale
Glioblastoma is a heterogeneous immunosuppressive microenvironment. While ICMs aim to restore tumor elimination by immune cells, to date imaging techniques used in clinical routine and in research have mainly focused on tumor cells rather than the immune environment. Nonetheless, the immune context, which is determined by the density, composition, functional state, and organization of the leukocyte infiltrate of the tumor, predicts the efficacy of ICMs. Although this immune contexture can be used to predict prognosis and treatment response and undergoes temporal changes in case of immune responses, it is not being evaluated by current clinical trials (Table 1) .
In the future, the strategy could shift to substitute non-immune-specific imaging biomarkers by immunespecific biomarkers. Innovations in chemistry allowed to produce radiotracers targeting PD-1 or PD-L1 (lymphocytic exhaustion) [117] , CD8 (cytotoxic lymphocytes) [118] , or IL2 (activated lymphocytes) [119] . This whole body in vivo assessment of the density of receptors and ligands involved in lymphocyte activation might provide more comprehensive information than ex vivo immunohistochemistry provided by single biopsy samples. There are indeed various publications showing the promising results of immuno-PET [120] using antibodies, diabodies, or small molecules (Table 1) .
There is a strong rationale suggesting that the promising group of radiotracers targeting PD-1 or its ligand (PD-(L)1) will be increasingly used. First, PD-(L)1 PET could guide treatment planning. Although these radiotracers do not discriminate PD-L1 expression on tumor cells and immune cells, PET can quantify non-invasively tumor heterogeneity. As a comparison, the current reference standard is immunohistochemistry which allows evaluating PD-L1 expression on tumor cells and immune cells on a biopsy sample. However, immunohistochemistry is an invasive technique, which is limited by the temporal and spatial heterogeneity of glioblastoma's PD-L1 expression [121] . Second, PD-(L)1 PET could be used to monitor and predict ICM efficacy. In animal models, an effective immunoradiotherapy increases the expression of PD-1 and tumor infiltration by PD-1+ lymphocytes [122] . Finally, these radiotracers could be used to evaluate in vivo the pharmacokinetics and biodistribution of ICM.
PD-(L)1 imaging is being investigated prospectively in several clinical trials in melanoma, NSCLC, breast, and bladder cancers but not in patients treated with glioblastoma. Current radiotracers include the highaffinity engineered protein scaffold (HAC-PD-1) that can detect human PD-L1 expression 1 h after injection [123] , anti-PD-L1 antibodies [122, 124, 125] , anti-PD-1 antibodies [122, 126] , and small non-antibodies PD-L1-specific peptides [127, 128] . The radiolabeling of these agents used either positron emitters or single-photon emitters such as 64 There are currently two different strategies for PD-(L)1 imaging. On the one hand, anti-PD-(L)1 antibodies can accumulate in tissue but suffer from lower tumor penetration, long retention in the blood pool, and poor signal to noise ratio. Additionally, higher doses need to be injected and imaging must be performed several days after injection [117, 122] . On the other hand, non-antibody small molecules with high affinity for PD-L1 allow an efficient penetration in to the tumor, as well as high signal-to-noise ratios. Imaging can therefore be performed within a few hours after injection and requires lower activities, and there is a faster clearance by the kidneys [127] .
CD8 imaging
Cluster of differentiation 8 (CD8) is a transmembrane glycoprotein and a co-receptor for the T cell receptor (TCR), which is specific to class I MHC proteins. MHC class I displays fragments of non-self-peptides derived from cytosolic proteins, which will trigger an immediate response from the immune system against tumor cells [129] . There is a strong rationale demonstrating that high intratumor CD8 expression is associated with better outcome and could be used to predict or monitor ICM treatment efficiency.
Radiolabeled PET agents have been developed to target and identify CD8 in vivo [130] but are not yet used in human research. Alternatively, MRI imaging of CD8+ T-Lymphocytes recruitment was investigated in an experimental mice model. CD8+ T-lymphocytes labeled with superparamagnetic iron oxide accumulated in the tumor 24 h after injection [131] . The limitation of MRI tracking is the quantity of superparamagnetic necessary to obtain a good signal while PET radiotracers require nonpharmacologic doses.
Tumor-associated macrophages imaging
Tumor-associated-macrophages (TAMs) are major components of glioblastoma microenvironment and overexpress the immunosuppressive PD-1 ligand [132, 133] . There are two subpopulations and two phenotypes of TAMs. The subpopulations include microglia and monocyte-derived macrophages [133] , and two phenotypes have been described: M1 and M2. An increased number of TAMs with a M2-like phenotype is associated with a poorer prognosis [134] and promotes tumor angiogenesis and immune-suppression [135] . Imaging biomarkers targeting specifically TAMs could be leveraged to guide precision approaches in patients treated with ICM in monotherapy or in combination since macrophages are becoming an increasingly important target for cancer therapy.
Several strategies were developed to detect the presence of TAMs in vivo [136] . First, activated macrophages are extremely FDG avid and can be detected by FDG PET, but there is a need for more specific biomarkers in glioblastoma patients [83] . Second, CD206 is a receptor overexpressed on M2 macrophages which can be detected through single-photon emission computed tomography (SPECT) imaging ( 99m Tc-labeled anti-CD206 and 125 I-αCD206) and optical imaging (Dye-αCD206) [135] . SPECT and infrared fluorescence imaging using an anti-CD206 monoclonal antibody were used as early biomarkers to predict post-chemotherapy tumor relapse [135] . Third, gadolinium tagged with a fluorescent poly (l-glutamic acid) was used to detect TAMs in rat glioma model since it is co-localized with CD68 (a marker for macrophages) and CD169 (marker for activated macrophages) [137] .
Interleukin-2 imaging
Activated T lymphocytes, especially CD4+ and CD8+ Th1 (T helper) lymphocytes, produce Interleukin-2 (IL-2). This cytokine produced after antigen stimulation plays pivotal and complex roles in both the immune response and limiting inappropriate immune reactions. IL-2 mediates diverse pleiotropic actions, promoting T cell proliferation, survival, cytolytic activity, NK cell activity, development of regulatory T cells, and activation-induced cell death [138] . Because IL-2 is a cornerstone in the immune environment, radiolabeled agents are developed to target and identify interleukin 2 in vivo [119] . These new biomarkers could be useful in ICMs.
Other biomarkers of inflammation
Many PET radiotracers are available to characterize specific components of the inflammatory process [139] 64 Cu-DOTA-etanercept targeting TNFR, 18 F-RGD targeting α v β 3 , 18 F-DPA-714 targeting TSPO). These radiotracers seem promising for detecting the inflammatory process and could be used to decipher immune contexture or identify pseudoprogression.
Conclusion and perspectives
This review summarizes perspectives on the emerging trends in medical imaging for optimizing treatments in glioblastoma patients treated with anti-CTLA4 and anti-PD-1 agents in monotherapy or in combination, as well as on the potential biomarkers that might improve the early identification of patients that will benefit from those treatments.
Evaluating the efficacy of ICMs is challenging because it triggers new radiological patterns of response and progression such as hyperprogression, pseudoprogression, abscopal effect, and immune-related adverse events.
Immunotherapy response assessment for neuro-oncology (iRANO) criteria [3] , define a "wait and see strategy" for progressive patients treated with ICMs in monotherapy. However, a recent survey demonstrated that a minority of centers use RANO criteria [4] , and we observed that a minority of clinical trials implemented iRANO criteria (Table 1) . This lack of quantitative assessment demonstrates the need for standardized evaluation and the development of quantitative algorithms for robust response assessments.
Our review listed studies using MRI and PET techniques and demonstrates that there is a lot of noise in the current heterogeneous literature. Our insight and impression is that future prospective clinical work is still needed and that the most promising imaging modalities are standard of care MRI, aminoacid PET, and immunoPET. Additionally, the major concrete recommendation from our review is that the optimal imaging modality related to these imaging challenges in clinical routine remains MRI since it is the only technique with sufficient clinical evidences and with specific immune-related evaluation criteria (iRANO). The limitation of all advanced MRI techniques is indeed the lack of standardization and robustness combined with a disease where biopsy confirmation is difficult and biased, making it very difficult to recommend other options than further studies are recommended. A main limitation for PET tracers is transport across the blood-brain barrier. This has limited to permanently establish them for clinical use since the tumor is simply not detected with sufficient sensitivity. This includes most of the tracers mentioned. Nonetheless, specific tracers such as amino acid tracers have potential value since amino acid transport is independent from the intact or disrupted blood-brain barrier. The level of evidence of data presented in the literature remains speculative. All these points need to be clarified by future researches.
The most promising field is the use of new bioengineering techniques, which allow the targeting of probes deciphering the immune contexture, while datamining techniques and artificial intelligence will fully exploit and quantify the existing information from conventional imaging techniques. Further development of the new concept of supervoxels could capitalize and combine these two approaches, thereby redefining medical imaging as a comprehensive and quantitative decision tool characterizing the tumor and its environment. Artificial intelligence could excel in combining all this information and extract synthetic quantitative probability guiding the decision to start, continue or stop ICM in monotherapy or combination. 
